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ventral occipital and inferior frontal cortex, that appears absent in non-human primates (Catani 23 and Thiebaut de Schotten, 2008 , Forkel et al., 2014 . Third, recent theoretical work proposed the 24 existence of three major visual processing pathways in humans. For instance, based on 25 observations of multiple clusters of face-and limb-selective regions on the lateral and ventral 26 occipitotemporal surfaces of the brain, it has been proposed that the human cortical visual system 27 comprises a dorsal occipitoparietal stream, a lateral occipitotemporal stream and a ventral 28 occipitotemporal stream (Weiner and Grill-Spector, 2013 ). In this model, the additional lateral 29 stream, consisting of areas that are classically assigned to the dorsal stream, incorporates 30 different aspects of vision, action and language. This view expands on earlier proposals that the 31 difference between humans and non-human primates in the anatomical location of area MT/V5 32 relative to other dorsal and ventral visual areas might be related to a cortical expansion to 33 accommodate language function in humans (Orban et al., 2004 , Ungerleider et al., 1998 . The 34 proposal of separable visual processing streams in human lateral and ventral occipitotemporal 35 cortex also fits well with data suggesting a duplication of various other types of object response-36 selectivity across these two pieces of cortex (Hasson et al., 2002, Konkle and Caramazza, 2013, 37 Taylor and Downing, 2011).
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Despite an increasing appreciation of the similarity of the retinotopic organisation of occipital 39 cortex in humans and non-human primates, there further are salient differences in the relative 40 position of several high-level visual areas Kastner, 2015, Orban, 2016, Orban et al., 41 2014, Vanduffel et al., 2014) . For instance, recent measurements suggest that areas LO-1 and 42 LO-2, located on the lateral occipitotemporal surface of the human brain, have undergone a 43 large-scale relative location-shift with respect to their putative homologues, V2A and OTd, in the 44 macaque. V4A and OTd are located directly adjacent to V4v and inferior to the MT/V5 cluster 45 and are part of a cluster of posterior inferior temporal (PIT) areas. Human areas are located more superiorly, directly adjacent to V3d and they appear to be disconnected from 47 the putative human PIT (phPIT) cluster. In addition, the human hemifield representation hV4 can 48 be found on the ventral occipitotemporal surface, whereas its putative homologue in the macaque 49 is comprised of a ventral upper quadrant representation and a lateral lower quadrant 50 representation of the visual field. In humans there further exist visual field maps on the 51 ventromedial occipitotemporal surface, VO-1 and VO-2 (Brewer et al., 2005, Wandell et al., 52 2007). These areas might correspond to cytoarchitectonic area TFO in the macaque, for which 53 recent preliminary evidence suggests that it consists of two central visual field maps that have 54 been tentatively labelled TFO-1 and TFO-2 . In the macaque, TFO-1 directly 55 abuts area V4A, while their putative human homologues, VO-1 and LO-1, are separated by area 56 hV4 (several centimetres of cortex). These differences in the topological arrangement of some of 57 the high-level retinotopic areas suggest a large-scale reorganisation that appears consistent with 58 the notion of an additional lateral pathway in humans (Weiner and Grill-Spector, 2013) , though it 59 would suggest that the pathway originated from the classical ventral stream.
60
In addition to these considerations, still other theoretical accounts propose that the classical 61 ventral and dorsal visual pathways should not be understood as unified systems. For instance, 62 Kravitz et al. (Kravitz et al., 2011 , Kravitz et al., 2013 proposed the existence of three dorsal 63 pathways for visuospatial processing related to spatial working memory, visually guided 64 attention and navigation, and six ventral sub-systems that each serve specialised behavioural, 65 cognitive and affective functions. Importantly, this work relates to the macaque and thus argues 66 that the classical dual-systems hypothesis has been over-simplified from its outset. This would 67 suggest that the human visual system should also not be understood in terms of two (and only 68 two) unified visual processing pathways. However, it is also possible that the apparently distinct 69 functional properties within pathways do not reflect strictly separate sub-pathways, but a 70 gradient-like organisation (Freud et al., 2016) .
71
All these theories notwithstanding, the notion of two visual processing pathways ultimately 72 concerns an empirical hypothesis about the wiring of the cortical visual system. Thus, it must be 73 tested against the connections between the cortical visual areas. Indeed, the work that led to the 74 postulation of the dual-pathways hypothesis involved a series of cross-lesion disconnection 75 studies Mishkin, 1982, Mishkin, 1966) . These studies cannot be performed in 76 humans, because they involve removing cortical areas as well as interhemispheric connections.
Additional connectivity-based evidence for two visual pathways in non-human primates was 78 presented in the early nineties, which was based on anatomical tract tracer injection data. In their 79 seminal work, Felleman and van Essen presented a matrix of the connections between the visual 80 areas of the macaque (Felleman and Van Essen, 1991) . The availability of this matrix enabled 81 Young to derive the topological organisation of the cortical visual connectome in a data-driven 82 manner and confirm that the structural connectivity markers can be grouped along two separate 83 visual processing pathways (Young, 1992 ). Young's approach is agnostic to the functional 84 relevance of the putative pathways but can be applied in humans, provided that a similar 85 connection matrix can be obtained non-invasively. In the present work, therefore, we set out to 86 derive a connection matrix for the human cortical visual system and test by Young's approach 87 whether human visual cortex comprises similar processing pathways as the macaque.
88
Anatomical tract tracer injection studies are invasive and therefore not applicable to humans.
89
White matter tractography based on diffusion imaging is applicable to humans, but it is yet too 90 limited in its ability to accurately determine a tract's cortical endpoints, particularly within a 91 system that involves a highly dense network of many crossing, U-shaped and trans-callosal fibres 92 Johansen-Berg, 2011, Jbabdi et al., 2015) . We therefore elected to characterise the 93 patterns of connectivity between the human cortical visual areas directly at each cortical location 94 based on correlated spontaneous blood oxygen-level dependent (BOLD) signal fluctuations that 95 occur at rest. Known as resting-state fMRI , this technique principally 96 offers a measure of function rather than anatomy, though it has been shown to adhere closely to 97 anatomical connectivity as derived from anatomical tract tracer injections (Vincent et al., 2007, 98 Wang et al., 2013 , Jbabdi et al., 2015 We based our analyses on the publicly available 3T resting-state fMRI data acquired as part of 108 the WU-Minn Human Connectome Project Visual areas were defined using a probabilistic atlas in MNI space of 50 retinotopic maps (25 in 121 each cerebral hemisphere; though the atlas is in MNI space, the areas were defined on a 122 reconstruction of the cortical gray-matter surface) (Wang et al., 2015) . The retinotopic maps which is known to deteriorate network estimation quality (Smith et al., 2011 to correlation values and then transformed into distances using the cosine theorem (݀ = 156 ඥ2(1 − ‫))ݎ‬ (Gower, 1986) .
157
We determined the dimensionality of the MDS embedding by assessing its reproducibility across of subjects) (Dunlap, 1996). 192 To additionally determine whether the connectional separation between streams could also be We additionally determined the number of streams using a connectivity-based hierarchical between-cluster connectivity strengths while increasing the number of clusters.
Results
214
In much the same way as Young demonstrated the existence of two cortical visual pathways in 215 the macaque (Young, 1992) , we used multidimensional scaling (MDS) to analyse a matrix of 216 connections between the cortical visual areas (see Supplementary Fig. 1) . Here, the connection which, in agreement with Young (Young, 1992) , was maximal when set to two.
226 Figure 1 shows the ensuing topological organisation of the human cortical visual connectome. hemispheres throughout the visual hierarchy (see Table 1 ). Unlike in the macaque, our wiring Fig. 2 for the results of session day 2). Functional connections are colour-coded according to the group-level (N=470) partial correlations (back-transformed from z to r values after averaging) between the mean resting-state fMRI time-series of each of the area-pairs. Area boxes are colour-coded according to their anatomical locations (Wandell et al., 2007 , Wang et al., 2015 , with colour-intensity weighted by the distance to V1-3. Black boxes indicate early visual areas on the medial occipital surface (V1-3). Red boxes indicate areas on the ventral occipitotemporal surface (hV4, VO1/2, PHC1/2). Blue boxes indicate areas on the lateral occipitotemporal surface (LO1/2, TO1/2). Note that TO1/2 corresponds to V5/MT+; (Amano et al., 2009) . Green boxes indicate areas on the occipitoparietal (V3A/B, V7, IPS1-5, SPL1) and frontal cortices (FEF). Comparisons were performed by Procrustes rotation. The statistical significance (probability) of the associated variance-explained (R 2 ) statistics was assessed by repeating the Procrustes rotation after randomly permuting the area labels of the numerical models on each of 100,000 iterations while noting the fraction of times that the variance-explained statistic exceeded or was equal to the variance explained by the un-permuted organisational model. The 'nearest-neighbour', 'nearest-neighbour or next-door-but-one', 'interhemispheric' and the 'combined nearest-neighbour or next-door-but-one and interhemispheric' models were constructed by creating artificial connectivity matrices and submitting these to the same MDS procedure that was used to derive the structure shown in Figure 1 . The 'nearest-neighbour' and 'nearest-neighbour or next-door-but-one' connectivity matrices were constructed as described in Young (1992) . To construct the 'interhemispheric' connectivity matrix, we scored all connections between homologous areas in the opposing hemispheres as '1' and all other connections as '0'. The 'combined nearest-neighbour or next-door-but-one and interhemispheric' connectivity matrix was defined as the sum of the 'nearest-neighbour or next-door-but-one' and 'interhemispheric' matrices. The hierarchical model was constructed as a one-dimensional vector of shortest path-lengths through the 'nearest-neighbour' matrix between each area and ipsilateral V1 (as determined by Dijkstra's algorithm). The two and three streams models were constructed as one-dimensional vectors of values representing each area's stream category based on the colourcoding in Figure 1 . Note that V1, V2 and V3 were excluded from these comparisons since these areas were deemed not to belong to any particular visual processing stream; they were excluded from all comparisons reported in this table to allow for comparison across models. Although all of the modelled organisational principles appear to be reflected in Figure 1 to some extend, the topological organisation of the human visual connectome is most parsimoniously and fully explained by the 'combined hierarchical and three streams' model. This down-weighting factor yields a conservative estimate of the true connectivity strength were it inflated due to BOLD signal contamination: for the smallest ROI, right VO1, which is expected to be most susceptible to BOLD signal smearing, it reduces the nearest-neighbour connectivity strengths to ~60% of that area's interhemispheric connectivity with left VO1 (interhemispheric connectivity estimates should be free of BOLD signal contamination); across all ROIs it reduces the nearest-neighbour connectivity strength to ~50% of the interhemispheric connectivity strength, on average. within single subjects (p < .05 for all pathway-pairs and session days in 77% of the subjects).
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The triple dissociation indicates that we can identify at least three separable cortical functional 268 pathways. To determine whether there might be more than three pathways, we applied a 269 hierarchical clustering analysis to the configuration shown in Figure 1 . This revealed that the 270 difference between the within-and between-pathway connection strengths is maximised for three 271 pathways, with nearly identical area-to-pathway assignments as before (Figure 3) . Thus, the 272 functional organisation of the human cortical visual system is best characterised as being 273 comprised of three visual pathways.
274 Figure 3 . Hierarchical clustering results. The optimal number of clusters is given by the maximal effect size (Cohen's d for repeated measures; N=470) of the difference between the within-cluster and between-cluster connectivity strengths (i.e., the partial correlation between area pairs as shown in Fig. S1 ). The red 'x' in the right panel indicates the corresponding effect-size (N=470; all within-stream vs. all between-stream connections, both session days combined) for the area-to-stream assignments based on their anatomical locations (see Fig. 2 ), which, except for area lTO2, were identical to the optimal hierarchical clustering results (k=3; left panel). visual pathways (Young, 1992) . This discrepancy may be due to differences between species or 285 methodology: Young based his analyses on anatomical tract tracing data in the macaque,
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whereas we here used resting-state functional MRI connectivity in humans. However, previous 287 work in non-human primates has demonstrated that resting-state fMRI connectivity adheres 288 closely to anatomical connectivity estimates based on tract tracer injections (Vincent et al., 2007 , 289 Wang et al., 2013 , Jbabdi et al., 2015 . Thus, it appears unlikely that the discrepancy is due to 290 differences between functional and anatomical connectivity per se. However, we cannot rule out 291 that the triple dissociation might be strictly functional.
292
Another, more subtle, methodological difference involves the usage of discrete versus 293 continuous connectivity information. Young based his analysis on a matrix coding only the 294 presence or absence of unidirectional and bidirectional connections (Young, 1992) , whereas ours 295 coded a continuous scale of connectivity strengths (partial correlations). It is therefore possible 296 that the discrepancy does not reflect a difference between species, but that our connection matrix 297 carried information necessary to distinguish the three pathways that was not available to the 298 previous work in the macaque. This could mean that the macaque cortical visual system also 299 comprises three visual pathways (but not that humans have two pathways, since information was 300 added). In addition, though Felleman and Van Essen (Felleman and Van Essen, 1991) 301 accumulated extensive data on the anatomical connectivity of the macaque visual system, they white-matter fibre tract that does not have a clear homologue in the macaque (Catani and 306 Thiebaut de Schotten, 2008 , Forkel et al., 2014 , Orban et al., 2004 , Van Essen et al., 2001 , 307 Wandell et al., 2007 . Moreover, there are clear differences in the topological arrangement of 308 homologous visual areas in humans and non-human primates , Vanduffel et 309 al., 2014 , suggesting a large-scale reorganisation of the overall functional architecture of the 310 visual cortical system. Thus, the most parsimonious explanation for the discrepancy is that, since 311 the time of phylogenetic separation from the macaque 28-25 million years ago (Rogers and 312 Gibbs, 2014), the human lineage has evolved to comprise not two but three visual pathways.
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Although the probabilistic atlas used here involves the most comprehensive and precise atlas of 314 the human cortical visual areas to date, it does not include known visual areas with visual field 315 maps of the peripheral visual field (Wang et al., 2015 (Kolster et al., 2010 , that have not been included in the atlas-and therefore 327 do not appear in our analyses-perhaps because the evidence of their existence was considered 328 too preliminary.
329
In line with Young's result (Young, 1992) , one dimension of the MDS embedding appears to 330 reflect hierarchical organisation. Young was able to formally test for hierarchical organisation by 331 comparing the embedding against a hierarchical ladder based on the laminar origin and 332 termination patterns of the connections in the macaque (Felleman and Van Essen, 1991 but not yet all) human cortical visual areas (Wandell and Winawer, 2015) . The neuronal 339 receptive field size is known to increase up the visual hierarchy due to spatial pooling from 340 upstream areas , Harvey and Dumoulin, 2011 , Motter, 2009 1993, Riesenhuber and Poggio, 1999 , Tanaka et al., 1991 , Wandell and Winawer, 2015 , and it 342 might thus be expected that the ordering of the areas within each of the pathways along the 343 vertical dimension of the MDS embedding adheres to the ordering of the receptive field sizes 344 reported for those areas (Ungerleider and Haxby, 1994) . Indeed, within each pathway, the 345 ordering of the visual areas along the vertical axis of the MDS embedding is a perfect predictor 346 of the ranked ordering of the human neuronal receptive field sizes that have been estimated to 347 date (Wandell and Winawer, 2015) . Thus, insofar as the neuronal receptive field size can be 348 taken as an indicator of an area's position in the visual hierarchy, the human visual system 349 appears to be organised into three hierarchically organised processing pathways. , which is compatible with the three pathways identified here because the 374 proposed clusters would exist at a smaller scale (within pathways). The proposed clustering is 375 not evident in the inter-areal connectivity data presented here but may well be evident from 376 finer-grained characterisations. Note that a similar argument applies to the theoretical models of 377 Kravitz et al. (Kravitz et al., 2011 , Kravitz et al., 2013 , who proposed that the classical dorsal 378 and ventral streams should be understood as being comprised of several sub-systems.
379
The notion of separate visual pathways on the lateral and ventral occipitotemporal surfaces is 380 also consistent with observations of a large-scale mirror-symmetric organisation of object 381 response-selectivity. That is, the object-selective areas come in pairs, with one area on the 382 ventral and another on the lateral occipitotemporal cortical surface (Hasson et al., 2002, Konkle 383 and Caramazza, 2013, Taylor and Downing, 2011) . On each side of the line of reflection, object 384 response-selectivity (e.g. to faces, objects and buildings) appears to follow a centre-periphery 385 organisation, while areas on the lateral and ventral occipitotemporal surface (superior and 386 inferior to the line of reflection) exhibit biases toward processing the lower and upper quadrants 387 of the contralateral visual field, respectively (Silson et al., 2013) , and a differential involvement 388 in attentive versus ambient viewing behaviour (Marsman et al., 2013) . This could mean that the 389 ventral and lateral pathways may be specialised for processing objects that appear in M A N U S C R I P T A C C E P T E D The idea that lateral visual object processing is related to the emergence of the human language 398 faculty finds support in recent studies suggesting that the apparently uniquely human inferior 399 fronto-occipital fasciculus Thiebaut de Schotten, 2008, Forkel et al., 2014) subserves 400 language semantics (Almairac et al., 2015 , Han et al., 2013 , Duffau et al., 2013 . 
